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(57) Abstract 



Fuel cell stacks (1) comprising stacked separator/membrane, electrode assembly cells in which the separator! comprise a series of 
stacked thin sheet platelets (30-1 and 30-7) having individually configured serpentine micro-channel reactant gat humidificanon (35, 40), 
active area (25) and cooling fields therein. The individual platelets are stacked with coordinate features precisely aligned in contact with 
adjacent platelets and bonded to form a monolithic separator. Post bonding processing includes passivation, such as nitriding. Preferred 
platelet material is 4-25 mil Tl in which the features, serpentine channels (52), tabs, lands (54), vias (61, 63, 65), manifolds and holes, 
are formed by chemical or laser etching, cutting, pressing or embossing, with combinations of depth and through-etching being preferred. 
The platelet manufacturing process is continuous and fast By employing CAD based platelet design and photolithography, rapid change 
in feature design can accommodate a wide range of thermal management and humidification techniques. 100 cell H2-O2/AU PEM fuel cell 
stacks of this IFMT platelet design will exhibit outputs on the order of .75 kW/kg, some 3-6 times greater than current graphite plate PEM 
stacks. 
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TITLE: FUELCELLS EMPLOYING INTEGRATED FLUID MANAGEMENTPLATELETTECHNOLOGY 

DESCRIPTION 

TECHNICAL FIELD: 

This invention relates to fuel cells, and more part leu tarty to fuel celts constructed of stacked platelets 
having integrated fluid management technology (IFMT), and to methods of manufacture and operation of 
the 1FM ceils. A particular embodiment employing the principles of this invention is a hydrogen-air/0 2 fuel 
cell employing multiple separators formed of bonded platelets of titanium, niobium, copper, stainless steel, 
aluminum or plastic having individually configured micro-channel reactant gas, coolant and humidiftcation 
zones therein, which cells operate in the range of about 50 to 1 50*C, and have an output of on the order 
of .25- 1 .0 kW per Kg and .5* 1 .0 kW/L for use in both stationary and mobile power generation applications 
in open or closed loop configurations. The IFM platelet and separator design can be adjusted throughout 
the fuel cell stack to accommodate varying thermal management and humidiftcation requirements within 
each cell. 

BACKGROUND ART: 

Fuel cells for direct conversion of hydrogen or carbonaceous fuels to electricity have shown groat 
theoretical promise, but have not become widely used in commerce because of technical problems and 
economic reasons. In the field of hydrogen-air/0 2 fuel cells, power density, that is kilowatts of power 
generation per pound has been marginal, and the lifetime has been unsatisfactorily short Prior art cells 
have experienced dropoff in power with age due in part to poisoning of catalysts or electrolyte 
membranes, and the poor distribution of fuel gases internally has led to thermal hot spots leading to cell 
failure and the like. 

A particularly important class of fuel cells with promise for stationary and mobile electricity 
generation is the low temperature Hj/pj fuel cell employing solid polymeric proton exchange membrane 
having a noble metal catalyst coated on both sides thereof, which membrane is located between the fuel 
cell electrodes or electrically conductive separators. These fuel cells employ H 2 as fuel, whether directly 
supplied as such or generated in association with the cell by chemical reaction, such as electrolysis or 
from metal hydrides. The oxidant is 0 2 or air, and water is required both for cooling and tor humldification 
of the membraie to keep it from drying out and becoming inefficient or structurally weakened through 
cracking. Typically, the anode side dries out first for a variety of reasons, including eJectrosmotic pumping 
from anode to cathode, the supply of gases in excess of the electrochemical reaction rate, and the air or 
oxygtf flow on the cathode side purges both the product water and the water vapor passing through the 
membrane from the hydrogen anode side. Accordingly, the fuel gases are humidified in the fuel cell stack 
to reduce the dehydration effect The cooling water removes excess heat generated in the slow 
combustion of the catalyst-mediated electrochemical reaction In the cells, and is conducted external of 
the stack for heat exchange. In some designs the cooling water is used to humidify the reactant gases. 

There are several suitable electrode membrane assemblies (EMAs) available for such low 
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temperature fuel cells. One is from H Power Corp of Bellville. New Jersey which employs a ft catalyst 
coated on a polymer film, such as duPont NATION® brand perftourosulfonated hydrocarbon as the 
membrane. Alternatively* Dow Chemical provides a perflourosulfonated polymer which has been reported 
in US Patent 5,31 6,869 as permitting current densities on the order of 4000 amps/sJ. with ceil voltages 
5 in excess of .SV/cell, for a cell stack power density in excess of 2 kw/s.f. 

A typical design of currently available stacks is the Ballard Fuel Cell Stack of 35 active 
electrochemical cells, 19 thermal management cells, and 14 reactant humidtfication ceils employing a ft 
on NAF10N 117 EMA in stacks of 1/4 - thick graphite plates. The stack is reported to have an overall 
volume of 0.5 cu. ft with a weight of 94 lbs and a 3 kw output from Hj and 0 2 . 

10 However, the graphite plates must be relatively thick to provide structural integrity and prevent 

reactant crossover since they are brittle and prone to crack as the cell stacks must be placed under 
compression to effect intra and inter-cell sealing to prevent reactant leakage. They have low thermal and 
electrical conductivity which gives rise to hot spots and dead spots. They are also difficult to manufacture, 
especially the gas distribution channels. The output is relatively low, on the order of .05 kw/lb. in the 

15 example cited above, the number of inactive cooling and humkJification almost equals the number of 
active electrochemical cells. This effectively doubles the number of gasketed seals required in a stack 
thereby decreasing stack reliability and performance. 

The aforementioned US Patent 5,316,869 does not offer a solution to graphite plate cell stack 
design as it is concerned with microprocessor control of a closed loop system external to the stack. 
20 Accordingly, there Is a need for an improved fuel cell design, and methods of producing the fuel 

cells and operation thereof which overcome limiting problems of the prior art. 

DISCLOSURE OF INVENTION: 

OBJECTS AND ADVANTAGES: 

25 It Is among the objects of this invention to provide improved fuel cell design, and methods of 

construction and operation, particularly fuel cells of the hydrogen and oxygen or air type which show 3X 
or better improvement over currently available graphite cells. 
Aditional objects and advantages include: 

To provide Improved fuel cell construction techniques based on multiple platelet and stack 
30 technology, which platelets have specialty configured gas and water distribution mterochanneis created 
by etching, laser ablation or cutting, stamping, punching or embossing; 

To provide an integrated process for manufacture of fuel cells Involving photolithography of a series 
of individual platelets, followed by feature forming by etching, embossing, stamping, punching, bonding 
brazing or soldering stacked platelets under heat and pressure, and antt-oxidant coating the platelets 
35 aid/or sub-assembly polar separators; 

To provide integrated fluid management technology (IFMT) to fuel cell stack design, particularly to 
the design of platelets assembled into unipolar or bipolar separators (individual cells), and phjral cells into 
stacks, to improv fuel OTd oxidant gas humidification and distribution for contact with the membranes, 
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and for heat and humidity control to prevent hot spots and membrane degradation due to dehydration; 

To provide phototithographical)y and etch-formed platelets for fuel cell separator assemblies having 
special sealing ridges which permit sealing of EM As between polar separators to form cells which are 
secured under compression to form fuel cell stacks; 
5 To provide variable IFM platelet polar separator design within a fuel celt stack that accommodates 

the differing thermal environment and humidifcation requirements that are intra-stack position dependent; 
and 

Still other objects will be evident from the specification, drawings and claims of the invention. 
The invention is directed to improved fuel cell stacks constructed from a plurality of cells, each 
10 comprising a series of interrelated, integrated fluid management (IFM) platelets. The invention also 
includes methods for design, construction, featuring, assembly and bonding of the platelets into modular 
polar separators (substack cell assemblies), and methods of operation of fuel cell stacks employing the 
integrated fluid management technology platelets. While particularfy disclosed as applicable to proton 
exchange membrane (REM) fuel cells employing H 2 and Oj/air as fuel, the techniques of this invention are 
1 5 equally applicable to alkaline, solid oxide and molten carbonate type fuel cells, and to reformers used in 
conjunction with fuel cells. A wide variety of other fuet/oxtdizer combinations may be employed, such as 
H^Cfy NH 3 /0 2 ; Hj/X 2 (X is a halogen); CH 3 OH/0 2 , and the tika 

The fuel cells of this invention are constructed of one or more cells, each cell of which in turn 
comprises a pair of bi-polar separators sandwiching an electrode membrane assembly (EMA) 
20 therebetween. The separators may be either unipolar (for the terminal end plates) or bipolar, with one side 
being the anode (HJ side and the other the cathode (OJ side. In turn, each polar separator assembly of 
this invention comprises a plurality of thin plates, preferably of metal, plastic ceramic or other suitable 
material into which numerous intricate microgroove fluid distribution channels have been formed, 
preferably by etching, but also by laser ablation or cutting, embossing, pressing, punching or stamping 
25 processes that create through-and-partial- depth features. Adjacent plates having coordinate partial depth 
features (e.g., half-channels) upon boridhg provide gas, coolant and vapor distribution channels, typically 
round or oval rncross section which, by virtue of their continuous, sinusoidal and branching configurations 
are otherwise impossible to construct 

When two unipolar separators are assembled with an EMA therebetween it comprises an 
30 electrochemical cell. An array of aligned cells, when secured together by bonding or clamping means, and 
optionally including seating gaskets between cells, comprises a fuel cell stack, a finished fuel cell. 

in typical examples, the number of platelets to form an individual cell polar separator subassembly 
of the overall fuel cell stack may range from 3-10 plates, and preferably 4-7. EMAs are disposed between 
adjacent polar separators, and preferably are inserted in anode and cathode recesses therein. The 
35 presently preferred EMA comprises a 2-1 7 mil thick sulfonated perffuorinated membrane coated on both 
sides with a mixture of microfine Pt-black and carbon black in a solvent, and overlain on each side with 
a 10 ma thick 65% open graphite paper having a Teflon hydrophobic binder therein. 

The Integrated fluid management fuel cell principles of this Invention will be described herein, by 
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way of example only, in reference to a bipolar hydrogen/air or oxygen fuel cell employing a Pt- 
black/NAFION EMA, but are equally applicable to other fueitaxidizer combinations, be they liquid, gases 
or combinations thereof, operating in the temperature range of from 50-1 50TC. 

An important feature of the platelet design of this invention is that significant improvements are 
made in thermal management and in humidification of the gases and electrolyte membranes to very 
significantly improve the power output of the platelet formed fuel cell of this invention as compared to the 
prior art In a preferred embodiment, the cell platelets are constructed of metal, typically aluminum, 
copper, stainless steel, niobium or titanium. After the platelets are formed, they are then bonded together 
by a specific schedule of heat and pressure (e.g., glued with conductive glue, diffusion bonded, welded, 
brazed or soldered) to form a polar separator subassembly and thereafter, if desired, coated or treated 
for corrosion resistance. The EMAs are then inset into optional membrane recesses, called window frame 
recesses, in the separator plates forming individual electrochemical cells, and a plurality of the cells are 
stacked to form fuel cell stacks. The entire assembly is then bound under compression to promote 
sealing, ag., by through tie rods, nuts and constant compression devices, to form a unitary monolithic fuel 
cell stack. 

A wide variety of solid but porous polymeric proton exchange membranes may be employed, 
typically sulfonated fiuorocarbon membranes from Dow Chemical. Asahi Chemical, Gore or duPont, with 
duPonfs NAF10N being presently preferred. The membrane is coated on both sides with a noble metal 
catalyst such as Pd, Pt, Rh, Ru, noble metal oxides or mixtures thereof and bonded to graphite paper 
electrodes. Alternatively, the graphite paper electrode can be coated with the catalyst and bonded with 
the membrane A preferred electrode membrane assembly of this type Is available from H Power Corp 
of BoiK/iile, New Jersey. Other types of EMAs that can be used include porous thin sheets of carbon or 
graphite, or catalyst-coated poly imidazole membranes. 

While a specific mem brane type and manufacturer may provide some im provement in performance, 
the invention is not dependent on any one type of membrane or EMA. The integrated fluid management 
technology (IFMT) platelet approach of this invention is adaptable to a wide variety of fuel cell types, and 
improved performance will result therefrom. 

The platelet technique permits forming a wide variety of micro-channel designs for any exterior 
configuration of the fuel cell, yet with excellent thermal exchange and humidity control for more efficient 
distribution of the gases with no fuel or oxygen starvation and better steady-state electrical output 

An important advantage in the IFM platelet technology of this invention is that the manufacture of 
the fuel celts can be automated, and employs photolithographic and etching or stamping technology on 
thin sheet material* Rapid changes can be made in the separator subassembly design. A single factory 
can support a wide range of fuel cell designs without the need for high output ordinarily required for 
production economy. That is, fewer fuel cells of widely different design can be produced and still be 
economically feasible, in addition, the capital investment is substantially and significantly reduced as the 
production equipment is close to off-the-shelf photolithographic, masking, and etching or stamping 
equipment 
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By way of example, the multiple sheets of a separator can be accurately designed in targe format, 
photographically reduced and the plates stamped out of continuous rolls of metal or conductive plastic 
sheet material. Alternatively, and in the present best mode, the sheets are photolithographrcaJty masked 
with resist, etched to form the fluid management micro-grooves, the photo-resist mask layer chemically 
or physically removed, and the platelets cleaned. The finished platelets are then assembled to form the 
separators, placed in a vacuum furnace having a pressure ram and bonded together under heat and 
pressure by metal diffusion bonding to form a monolithic separator plate subassembly having intricate 
internal micro-channels, including channels at different levels orthogonal to each other, through which the 
various gases and water or other coolant flow. The separator plates are then placed in a nitrogen 
atmosphere at elevated temperature which results in the reaction of nitrogen with the titanium to form a 
passivating or an anti-corrosive and conductive titanium nitride layer on all exposed surfaces, including 
the interior gas and water channels. The platelet separator design and production can be done on a 
continuous production line, analogous to a PC-board manufacturing line. The entire multi-platelet 
sandwich is then bonded (e.g., diffusion, brazed, welded or soldered) under heat and pressure to form 
a monolithic separator. The electrode membrane assemblies are then inserted between individual polar 
separator plates, the separators then stacked, and exterior end plates added to form the completed fuel 
cell stack which is held together by tie rods, nuts and constant compression devices pressure to effect 
reactant tight sealing. Electrical leads, reactant gasses and coolant water are hooked-up, gases and 
coolant water are introduced and the cells brought on line. 

In a typical 7-platelet 1FM bipolar separator subassembly of this invention, the platelets in sequence 

are: 

1 . Window frame platelet (to receive an EMA): 

2. Anode flow field spacer platelet; 

3. Anode flow field (distribution) platelet; 

4. Cooling platelet' 

5. Cathode flow field (distribution) platelet: 

6. Cathode flow field spacer platelet; and 

7. Window frame platelet (to receive the EMA of the adjacent cell). 

There are 6 different plates, with plates 1 and 7 being identical, and each of plates 2-6 being different The 
details of etching and plate design described herein by way of example are shown to evidence that there 
is no mfcro-chwei collapse during the pressure bonding, in the bipolar separator example above, 
plates 1 . 2, 8 and 7 are each about 1 2 mils thick (before bonding) and plates 3-5 are each about 20 mils 
thick. Upon diffusion bonding the plates compress somewhat, and the total thickness of the resulting 
monolithic bipolar separator laminate is about 100 mils. The total recess depth in facing window plates 
(the anode window side of bipolar separata number one and the facing cathode window side of bipolar 
separator number two) is on the order of 20 mils deep. The EMA is on the order of 26 mite thick and is 
somewhat compliant The NAFION membrane coated on both sides with the microdispersed Pt-black 
catalyst in carbon black is on the order of 4-5 mils thick, and each of the outer graphite/teflon paper layers, 
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is about 1 0 mils thick. These fit snugty in the window frames, and, upon the pressure sealing of the polar 
separator plates, the EMA compresses into the 20 mils deep window recesses. The graphite paper Is on 
the Older of 66% open to provide good and even gases distribution On the anode side the graphite paper 
conducts electrons away from the catalytic reaction sites on the electrolyte membrane membrane to the 
5 lands of the separator plate for draw-off as fuel ceil electrical output Electrons return from the external 
circuit via the cathode On the cathode side, graphite paper conducts electrons from the lands of the 
separator plate to the catalytic reaction sites on the EMA 

The fuel celt multiple bipolar separator stack must be terminated at each end with an anode and 
a cathode unipolar separator end plate, which also serves as the current collector. For the unipolar anode 
10 separator, platelets 1-4 above are used, and for the cathode separator, platelets 4-7 are used. The 
unipolar platelet separators are then capped at each end with thicker (4-20 mil) solid end plates and then 
compressed by tightening on the tie rod compression assembly* 

As an alternative example, where no gases ftumidffication is required, a 4-ptatefet bipolar separator 
assembly may be employed, and the sequence of platelets Is as follows: 
15 1 . Anode flow field (distribution) platelet; 

2. Cooling manifold platelet; 

3. Close-out platelet; solid on anode side and manifolds (micro-grooves) on cathode sida; 
and 

4. Cathode flow field (distribution) platelet 

20 Additionally, window frame platelets can be used on each side where an inset EMA is used to form a 6- 
ptatelet bipolar separator sub-assembly. It should be noted that in place of the window frame platelet 
a double-sided compliant gasket member may be used. Thus, the humidified bipolar separator can 
comprise 5 or 7 platelets depending on whether the optional window frame platelets are used, and for the 
non-humidified embodiment the bipolar separator comprises 4 or 6 platelets, the latter including the two 

25 window frame platelets. Titanium is particularly useful because it can flow together under appropriate 
pressure and temperature, forming an auto-weld of the diffusion bonded (flow) type. 

The assembled separator (multi-platelet sub-assembly) is on the order of 100 mils thickness and 
weighs around 4-8 oz (1 10-300 grams) depending on the number and thickness of plates and materials. 
Approximately 10 separators/lew are used in a ceil stack. After assembly on the tie rods, compression 

30 endptates on the order of 1.5 inches thick are applied and the entire fuel cell stack assembly is placed 
under compression of 200 psi by threaded tie rods to form the monolithic fuel cell stack. The stack 
operating pressure of 1-65 psi is easily achievable with output at around 70-150 amps. To seal adjacent 
separator sub-assemblies, an interlocking sealing ridge (which is generally triangular in cross section) on 
the order of 1 -2 mils in height is etched or pressed in the window frame platelet (outside surface) so that 

35 the ridge will fully Interlock with the window plate of the adjacent separator sub-assembly, or with the 
appropriate terminal endpiate, as the case may be. 

The fuel cells of the IFM platelet design of this invention can include any suitable hydrocarbon 
reformer section to provide H 2 , e.g., via the steam-shift process employing an underoxidized burner plus 
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steam to produce H 2 , 0 2 and C0 2 . 

A key feature of the platelets of this Invention is the use in combination of etched gas and water 
distribution channels, formed In corresponding, aligned half channels in each of a par of coordinate 
opposed mating plate faces (i.e.. mating faces of adjacent plates that face each other and contact each 
5 other in the stack), and similarly etched delivery manifolds. Optional but preferred are etched sealing 
ridges on the periphery of the plates to assist in sealing adjacent cell assemblies. 

Critical to efficient high-output operation of PEM cells is proper thermal balance and hydration, and 
control thereof by uniform gas flow. 

Current PEM fuel cells exhibit problems of poor thermal management and water balance, low 
1 0 graphite conductivity and ductility, limited scalability and reactant depletion. Proper thermal management 
in PEM cells is critical as current membranes have a maximum operating temperature in the range of 90* 
98*C. since temperatures above that permanently ruin the membrane by damaging the pore structure. 
Since the fuel cells of this invention have heat exchanger sections integrated in each bipolar separator, as 
compared to one between every 4-5 separators in graphite PEM cells, our stacks can be scaled easily to 
15 larger sizes since both the heat generation and control (heat exchange) scale with area. Since we can 
easily tailor heat control to each type of membrane and fuel, and the intra-cell location within the stack we 
can employ higher performance EMAs, resulting in higher power densities. 

In regard to water balance, the integrated humidification in each separator maintains better water 
balance as they are individually varied to accommodate the different requirements of the anode and 
20 cathode sides of the fuel cell. Water is removed from the anode side by electro-osmotic pumping through 
the membrane and reactant gas flow drying. Water builds up on the cathode side from the throughput 
of the electro-osmotic pumping and production of reaction water, which are both removed by air/0 2 gas 
flow drying. 

in contrast to graphite PEM cells, the metal platelets of this invention are some 30 times more 
25 conductive, thus reducing the l 2 R losses in the stack under high current densities. These losses reduce 
voltage and power obtainable from the stack. The lower internal resistance of the metal separators 
provides a more even distribution of current, thus reducing the build-up of hot spots and dead spots in 
the ceils. Graphite separators are under compression to effect sealing, but pressure affects the resistance 
of graphite in a non-linear fashion. This characteristic makes it very difficult to produce graphite cells with 
30 uniform output In contrast metal sep^ators have excellent thermal and electrical conductivity which 
eliminates hot and dead spots. Graphite Is porous to l^, 0 2 and air which reduces the chemical efficiency 
of graphite stacks because some H 2 is consumed in non-production direct oxidation. 

Graphite separators also crack when the cell is subjected to compression to effect the sealing 
necessary to prevent gases leakage, the cells operating at 25-60 psig. The tendency to crack severely 
35 limits the number and size of the cells in the stack, and where one or more separators on the interior of 
the stack develops leaks, the electrical output is compromised or significantly reduced. Metal platelets, 
being ductile do not present these problems. 

Further, rtlsffi important aspect of the invention that the IFM technology of the Invention permits 
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vacation of intra-stack platelet design to effect better thermal management That is, the cells in the middle 
of an uncooled stack do not have the same thermal environment, and accordingly not the same 
humidifcation requirements of cells at or nearer the ends of the stack. The platelet design, in terms of 
relative anode, cathode, coolant and humidification micro-channel design can be easily changed and intra- 
stack position defined to accommodate the various gradients within the stack. Likewise, stacks can be 
designed to suit a wide variety of external conditions, an arctic design differing from a tropical, and a 
subsaa differing from a space design. 

This flexibility of design-the capability to tailor the configuration and path lengths and channel 
widths of microchanneis in each zone of the separator (anode, cathode, heat exchange and hum idification) 
and from separator to separator (cell to ceiO progressively and individually within the stack to 
accommodate the Intra stack environment and gradients-results in ease of scaling to higher power 
outputs, e.g., on the order of greater than 50-1 OOkw. 

The series/parallel serpentine channel design provides more uniform distribution of the reactant 
gases. This is particularly imports in providing significantly better cathode performance when operating 
15 on air due to depletion of 0 2 as the air travels through the channels. In current channel design, air enters 
0 2 rich and leaves 0 2 depleted, since the 0 2 is consumed in the electrochemical reaction. The same 
depletion effect is true of H 2 . In our invention, the shorter series of channels manifolded in parallel, and 
the ability to design and redesign channels of varying configurations, or graduated width, improves 
cathode kinetics, a currently dominant limitation of current fuel cells. In this invention, the flow is divided 
into a series of pvallel circuits in which the precise pressure drops can be obtained. By increasing the 
number of parallel circuits, the pressure drop can be towered as the flow rate is reduce and the ch^ 
side wall fractional effects are reduced due to shorter path length. 

While the currently preferred best mode of the invention employs window frame platelets with 
graphite paper over the catatyst/c*bon-black coated membrane to provide a highly porous sheet having 
25 random gas distribution channels there through, an important alternative embodiment of the invention 
employs a cartoon-paper-less membra* wherein microfine holes are etched through the 'window pane 
area* of the window frame to effect the same gas distribution function. In producing the window frame 
platelet, the wndow pane area is defined in the appropriate medial areas of the plate that is located 
interiorly of the outer plate edges. (Lines defining the pane area may be through^tched except for a few 
thfri bridges hoidfcg the window pane section in place during platelet fabrication. The bridges are later 
cut and the pa* removed, or let fall out to c^plete the winctow frame platelet) The o^ 
the cartoon fiber paper upon compresston of the fuM sheet membrane between ad^^ In the 

alternate embodrnent nstead of removing the window pane area material, a 'window screen- area is 
created H the window pro area by micro fine through etching, the holes being on t^ 
35 10,00(y$q.inch.' 
separator plates. 
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BRIEF DESCRIPTION OF DRAWINGS: 

The invention will be described in more detail by reference to the drawings in which: 
Figure 1 is a schematic section view through a fuel ceil stack employing platelet bipolar separators 
embodying the principles of this invention particularly adapted for operation with Hj and Ajr/0 2 ; 
5 Figures 2A and 2B are schematic section views through a cooled, non-humidified (F?g 2A) and a 

humidified and cooled fuel ceJJ IFMT platelet separator of this invention showing the wide variation possible 
in number of platelets used: 

Figure 3 is a exploded isometric view of a 2-cell sub-assembly for a IFMT fuel cell of the invention: 
Figure 4 is an exploded isometric view of one embodiment of a 6-7 platelet separator for an IFMT 
1 0 fuel cell of this invention; 

Figures 5-10 are detailed plan views of the embodiment of a 6-7 platelet separator of Fig 4; 
Figure 5A is the front and its mirror image, and back sides of the window frame or window screen 
(1st anode and 7th cathode) sealing platelet; 

Figures 6A and 6B are the front and back sides of the anode flow field spacer platelet (platelet 2); 
15 Figures 7A and 7B are the front and back sides of the anode flow field platelet (platelet 3); 

Figures OA and 8B are the front and back sides of the cooling platelet BA being the anode side 
and 8B being the cathode side (platelet 4); 

Figures 9A and 9B are the front and back sides of the cathode flow field platelet (platelet 5); 
Figures 1 0A and 10B are the front and back sides of the cathode flow field spacer platelet (platelet 

20 6); 

Figure 1 1 is a schematic of the fluid circuits into and out of adjacent mating bipolar separators into 
contact with the membrane showing water, heat and reaactant gases transport therethrough; 

Figure 12 is a schematic drawing of the electrochemistry of a PEM IFMT platelet fuel cell of this 
invention; 

25 Figure 1 3 is a plot of cell voltage vs current density of an test 2-cell fuel cell of this invention; 

Figure 14 is a plot of cell voltage vs current density of an H/Air test 2-ce« stack of this invention; 

Figure 15 is a flow sheet of a continuous platelet manufacturing process in which features are 
formed by depth and through etching; 

Figure 16 is a flow sheet of a process for bonding platelets of this invention Into monolithic 
30 separators; and 

Figure 17 is a flow sheet of the process for adaptively rapid generation of the photolithographic 
artworks for individual platelet designs in accord with the IFMT principles of this invention. 

BEST MODES FOR CARRYING OUT THE INVENTION: 

35 The following detailed description illustrates the invention by way of example, not by way of 

limitation of the principles of the invention. This description will clearty enable one skilled In the art to 
make and use the invention, and describes several embodiments, adaptations, variations, alternatives and 
uses of the invwition. Including what we presently believe are the current best modes of carrying out the 
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invention. 

Fig 1 shows in simplified (schematic) cross section a fuel cell stack 1 of this invention employing 
a plurality of mufti-platelet bipolar separators 2A, B, C and a pair of cathode and anode unipolar end 
separators 3, 4 respectively. Proton exchange Electrode Membrane Assemblies (EMAs) 5 A, B, C, and D 
are disposed between the separators as shown. Air and/or 0 2 is inlet via manifold system 6, H 2 and/or 
other fuel inlet via manifold 7, and cooling/hum idification water is inlet at 8 and outlet at 9. 

Fig 2 shows in schematic section view the construction of one embodiment of bipolar separators 
2 formed from bonded platelets 10 for the non-humidified version of Fig 2A, and platelets 30 for the 
humidified version 20 of Fig 2B. Fig 2 also illustrates the wide variation in the number of plates that may 
be employed to construct a separator by various combinations of depth etching (or depth feature forming) 
and through-etching (through feature forming). For example, Fig 2A shows a 7-plate configuration as 
follows: 10A is a window frame or window screen platelet; 10B is an anode flow field platelet (or optimally 
pair of platelets, one an anode spacer platelet and the one to the right being an anode flow field platelet); 
tOC is a close-out platelet; 10D is a cooling flow field platelet which can be through-etched or can have 
plural coolant paths by employing differing serpentine channels depth-etched from the opposite sides but 
not communicating throughout their length (they can communicate by through-etched vias); 10E is a 
close-out platelet; 10F is the cathode flow field platelet corresponding to 10B; and 10Q Is a window frame 
or window pane platelet like 10A. The bottom of Fig 2A illustrates a 5-piate grouping; 1 0-1 and 1 0-5 are 
window frame or window screen platelets; 1 0-2 is a single platelet depth-etched from the anode side; 1 0-3 
is a single cooling platelet; and 1 0-4 is the cathode analog of 1 0-2. Thus, the stack configuration can vary 
from 5 platelets to 11 platelets, in the later case 10B and/or 10F are two platelets, and 10D may be three 
platelets. 

SimHaly, Fig 2B may range from 3 or 4 to 20 platelets, seven being shown (30-1 through 30-7) 
depending on the desired platelet configuration, which in large part may be dictated by material and 
manufactiring considerations, or by fuel cell or membrane type, but all of which may employ the IFMT 
principles of the invention. Thus;* while 30-4 Is shown as a single platelet, it may be three platelets, two 
through-etched with an intermediate shim or close-out platelet 

Fig 3 is an exploded isometric view of two cells 15A, 15B internal of the stack comprising 
separator* 2A (or 20A), 2B (or 20B) and 2C (or 20C) sandwiching two EMAs 5A. 5B. In this view, only the 
H 2 (anode) side of the bipolar separators are visabie, but as shown below, there are coordinate Oj zones 
on the hidden (cathode) sida The large areas 25A are the active areas of the cell, 25A representing the 
anode side and 25C the cathode side. Anode humidification zones 35 and cathode humldification zone 
40 are present in the separators, and described in more detail below. 

The EMAs 5A 5B include catalyst coated areas 28A, 28C corresponding to the active areas 25A. 
C. The mas 37, 42 are not catalyst coated and correspond to the anode and cathode humidification 
zones 35, 40 respectively- Alignment holes and manifold vias are evident adjacent the margins of the 
platelets and the EMAs. 

Fig 4 is an exploded isometric view of a 7-platelet humidified IFMT bipolar separator 20 of this 
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invention comprising platelets of six different types, platelets 30-1 and 30-7 being identical window frame 
or window screen platelets (window frame being shown), which may include sealing ridges (not shown) 
around the cut-outs, the active area 25, the humtdlfication areas 35, 40, and around the transverse 
through-etched reactant gas and coolant manifolds. The sealing hdges can be embossed or etched in 
the platelet 

Platelet 30-2 is the anode flow field spacer platelet having through-etched channels and vias, and 
depth-etched manifolds and tab features. In all platelets 30-2 to 30-7 the through-etched transverse 
border passages or manifolds are coordinate with those of platelet 30-1 . Platelet 30-3 is the anode flow 
field platelet with depth-etched channels coordinate with the through-etched channels of platelet 30-2. 
Platelet 30-4 is the cooling platelet with the anode side showing plural parallel depth-etched serpentine 
cooling channels in half the active area. The non-visible obverse side has cathode cooling channels, also 
depth-etched and covering the other half of the active area Platelet 30-5 is the cathode flow field platelet 
with depth-etched channels on the obverse side, not visible in Fig. 4, but the analog of platelet 30-3. 
Platelet 30-6 is the cathode flow field spacer platelet with through-etched channels coordinate with plate 
30-5, through-etched vias. and depth-etched tabs analogous to platelet 30.2. Platelet 30-7 Is the cathode 
window frame (or window screen) platelet having sealing ridges as described above for platelet 30-1 on 
the obverse side. 

Figs. 5-10 are a series showing in plan view from the facing side of each platelet the details of one 
embodiment of the through- and depth-etching features of the 7-platefet bipolar separator plate of Fig. 4 
in accord with the IFM principles of the invention. It should be noted that the progression of plates is as 
shown in Fig. 4, with the figure designation -A being the front of the plate as seen from the anode 
(foreground) side of Fig. 4. However, the -B side is the non-visible side of the respective platelets of Fig. 4 
when turned over. That is, the views are all artwork or plate face-up views. Platelets 1 and 7 are 
essentially the same with the exception of when sealing ridges are employed. Fig. 5 being the front of 
platelet 1 and the back of platelet 7, while the mirror image of Fig. 5 would be the back of platelet 1 and 
the front of platelet 7. Fig. 5 shows the embodiment where gaskets are employed to seal the bipolar 
separator to the EMA. Where no gasket is used the front of the anode platelet may have a single ridge 
that is aligned to interlock in a groove between two ridges on the back of the cathode platelet Fig. 5 
depicts the anode-facing surface of the Anode Sealing Platelet 30-1 and the Cathode Sealing Platelet 30-7, 
also called window frame or window screen platelets. This surface may have 1 -2 mil sealing ridges around 
the internal manifold passages (the rounded comer rectangles) and the flow fields. The major features of 
this platelet are the three large rectangles. These rectangles allow space to compressive 
paper of the membrane electrode assemblies. Rectangle 25 is the Anode Active Area Flow Field cutout 
(or screen area). The top left rectangle 35 is the Fuel (hydrogen) HumidificatJon Flow Field. The top right 
rectangle 40 is the cut out for the Cathode HumidificatJon Water Flow Field. Transverse through-etched 
reactant gas (12, 14, 16, 1 8) and coolant (22, 24) manifolds are arranged across the top. bottom and sides 
of the platelet The smallest manifold Is for fuel (hydrogen), with 1 2 being input and 1 4 output The two 
middle sized manifolds are for water cooling and humidlflcation circuits with 22A, 22C being inlets, and 
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24A. 24C being outlets. The two large manifolds are for air (oxygen), with 16 being an Met and 18A, 188 
being outlets. 

Sealing ridges may be located at 27 around each of transverse manifolds and the pockets (cutouts 
or screens 25, 35. 40). The manifold and flow field sealing ridges are formed by tnsrtu embossing during 
the platelet bonding process. An alternative process is sealing ridge formation by depth-etching the 
platelet a second time. The first etching through etches the manifold, field, alignment and tie rod holes. 
The second etching forms the ridges. 

Fig. 5 also depicts the through-etched; stacking alignment holes 32 and through-hole tie rod holes 
34. Stacking holes are used to precisely align the platelets for the bonding process. The back of this 
platelet is the mirror image of the front without sealing ridges regardless of whether sealing ridges or a 
gasket is employed. The front of platelet 30-7 is the mirror image of Fig. 5, and the back of platelet 30-7 
Is Fig. 5, with or without cooperating sealing ridges as described above. 

Fig. 6 depicts the front side of the Anode Flow Field Spacer Platelet through-etched series parallel 
fuel (hydrogen) ftow field 44, the fuel (hydrogen) humidification field 46. and cathode water field 49 for 
humidifying the 0 2 on the cathode side of the membrane. These channels are designed to optimize the 
ftow rates and pressure drops of the device. This drawing also depicts the continuation of the through- 
etched transverse manifolds for fuel (hydrogen), air (oxygen) and water coolant, 1 2, 1 4, 1 6, 1 8. 22 and 24, 
in-out respectively. 

This drawing also depicts a very important aspect of the invention, the tabs 50 which are depth- 
etched as compared to the channels 52 which are through-etched (in this platelet), and tie together the 
alternating, spaced lands 42. As can be seen in Fig. 68, the tabs are not visible, but the channels 52 and 
spacer lands 54 are. The tabs are depth-etched away only from the back (Fig. 6B) side leaving them on 
the front side. Depth-etching is approximately 60% of the full plate thickness. Through-etching is 
accomplished by depth-etching, via appropriate masking, from both sides of the platelets. Depth-etching 
is only from one sida The same is true of the humidification fields 46 and 48. The Fig. 6B backside also 
depicts the continuation of the through-etched flow field channels 52, and the various manifolds, alignment 
holes and tie rod holes. This platelet does not exhibit manifolding to the Hj, 0 2 and water inlets and 
outlets. 

Fig. 7A depicts the front side of the Anode Ftow Field Platelet having a series of depth-etched 
parallel chwiels forming the hydrogen active area flow Meld 44, hydrogen humidification area 46 and 
cathode water chamets 91 in field 49. These channels 52 and lands 54 are precisely aligned and match 
the flow field chamets end laids found in the Anode Ftow Field Spacer Platelet of Figs. 6A, B. Also 
showing up on this platelet are depth-etched distribution channel extensions 56 into and out of the 
hydrogen humidrficatton ftow field 46. (To follow the H 2 ftow in the fields, also refer to Fig. 8A.) TheH 2 
flows h from the traverse inlet 1 2 through distribution manifold 60 (Fig. 8A) up field inlet vias 61 (Figs. 
7A and 78) Mo the H 2 huntoificatton channels 62 (Fig. 7A), which are shown as 3 sets of parallel 
serpentine channels comprise hydrogen humidiflcation field 46. The H 2 exits the field at near 100% 
hum Wity through outlet vias 63 (Figs. 7A, 7B) to the outlet collect manifoto 64 (ng.8A) to souare via K 
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(Flge. 7B and 8A) and back up to the hydrogen gas distribution inlet manifold 66 of the anode activ field 
44. There are six parallel sets of serpentine channels 67 in the activ field. The residual ^ exits the field 
through extensions 68, thence through exhaust manifold 69 out the transverse outlet 1 4. The manifolds 
and the vias are engineered to insure uniform distribution of hydrogen across the flow field. The vias 61 , 
63 are sized to function as metering ports. Engineering the distribution and collection manifolds permits 
the pressure drops and flow rates to be precisely controlled. The vias 61. 63, 65 and manifolds in 
subsequent plates (Figs. 7B and 8A) may be superimposed to easily discern the flow path between plates. 

Fig. 78 depicts the back of the Anode Flow Field Platelet with through-etched transverse metering 
orifices (vias) 61 that regulate fuel (hydrogen) flow from the transverse H 2 fuel inlet 12 and depth-etched 
manifold 60 (Fig. 8A) into the H 2 (anode) humidificatJon field 46 (Fig. 7A). The through-holes (vias) 63 are 
the output to depth-etched manifold 64 (Fig. 8A) communicating via square feed hole (via) 65 to the inlet 
manifold 66 of the active field 44. The H 2 outlet is via depth-etched manifold 69 to outlet transverse hole 
14. 

In Fig. 7B, cathode coolant water is inlet at transverse hole (manifold) 22C and hot water outlet from 
vias 70, 71 into the humidification zone 49 (Fig. 7A) then, and out of the zone 49 through vias 72, 73 to 
manifold 74 (Fig, 8A) and out transverse manifold 24C. Likewise. air/0 2 is inlet from transverse manifold 
16 to depth-etched air inlet manifold 76 (Fig. 8A), into the air (cathode) humidification zone 47 (Fig. 9B) 
out the depth-etched air distribution manifold 77 and down into the cathode active area 98 (Figs. 9B and 
10A) through depth-etched manifold 78. The spent air is collected by exhaust manifold 79 and it then 
flows out through the transverse manifold holes 18A, 18B. 

Fig. 8A depicts the front of the anode and cathode cooling platelet with two sets of three depth- 
etched serpentine cooling fluid channels 81 covering half the active flow field area to handle half the 
thermal load. Water enters the serpentine 81 through port 22C and exits by manifold 83. Hot water then 
passes through vias 70, 71 (see Fig. 7B) into the cathode water field 49 (see Fig. 7 A). Water molecules 
diffuse through the membrane to humidify the oxygen on the other side of the membrane. The water exits 
through vias 72. 73 (Figs. 7A, 7B) f is collected by manifold 74 and exists the stack through transverse 
manifold passage 24C. 

This plate also shows air/0 2 inlet manifold 76 *xJ the air distribution manifold 77 and 78 which are 
joined and through-etched, as can be seen from Fig. 8B. Likewise, the spent air collection manifold 79 
is through-etched In this platelet (platelet 30-4 of Fig. 4), but all three are only depth-etched on the facing 
side of platelet 7B. 

Fig. 8B depicts the back of the anode and cathode cooling platelet the backside being the cathode 
side, and shares similar features with the exception that there are no depth-etched ^ distribution 
manifolds 60, 64 aid no via 65. Since this is the cathode side the water inlet Is 22A, the serpentines are 
8a the hot water collection manifold is 82, and the water outlet manifold is 75. The manifold 82 
communicates with anode water field 48 by hot water vias 84, 85, and the water exits field 48 through vias 
86, 87 to the manifold 75. The serpentines 80 handle the other half of the heat load from the active area 
field 44. 
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Fig. OA depicts the front of the Cathode Flow Field Platelet with depth-etched Oj inlet distribution 
manifold 78. the exhaust collection manifold 79, as well as the through-etched transverse manifold for 
(1 2 inlet; 1 4 outlet), 0 2 (1 6 inlet 1 8 outlet) and water (22A, C inlet 24A. C outlet). There are also a row of 
0 2 inlet vias 88 for inlet of 0 2 to the 0 2 humidification field 47 (Fig. 9B) and outlet vlas 90 from the 0 2 
5 humidification field 47. The humidified 0 2 inlet manifold communicates with 0 2 cathode active field vias 
92 (Fig. 9B) while the spent 0 2 exits through vias 96 (Fig. 9B) to the exhaust collection manifold 79 and 
out the 0 2 transverse manifolds 18A, 18B. 

Fig. 9B depicts the back of the cathode flow field platelet (platelet 30-5 of Fig. 4) which is 
analogous to the front of the anode flow field platelet (platelet 30-3 of Fig. 4) except that the 0 2 

1 0 serpentines 89 In the 0 2 humidification field 47 and 94 in the cathode 0 2 active area 98 are shorter, due 
to the increased viscosity of the Air/0 2 as compared to Hydrogen. Note for 3 serpentines for H 2 . there 
are 18 for 0 2 . 0 2 passes from the transverse inlet 16 through inlet manifold 76 (Fig. 8A) to inlet vias 88 
(Figs. 9A and 9B) into the field 47 and out vias 90 to the distribution manifolds 77, 78 (Fig. 8A) and thence 
into the cathode active area 98 serpentine through vias 96 (Fig. 9B). The spent Air/C^ leaves through vias 

15 1 00 to the exhaust collection manifold 79 (Fig. 9A) and thence out the transverse manifold outlets 1 8A, 
18B. As noted above, the fields 47. 48 and 98 are depth-etched to define channels and intermediate 
lands. 

Fig. 10A depicts the front of the Cathode Flow Field Spacer Platelet with through-etched channel 
flow fields 47, 48 and 98 as described above. This plate is analogous to the anode flow field spacer 

20 (platelet 30-2 in Flg.4); except that the serpentine channels are designed for the 0 2 to minimize the 
pressure drop and maximize flow rate. 

Fig. 10B depicts the back of the cathode ReW Spacer Platelet (platelet 30-6 of Fig. 4) which is 
analogous to the front of the anode spacer platelet (30-2 of Fig. 4) in that the depth-etched tabs 50 retain 
the lands 1 02 between adjacent through-etched channels 94 in the active cathode field 98, the channels 93 

25 of rode water field 48 ard the oxygen channels 89 of 0 2 humidification field 47. The lands, channels and 
tabs are formed as above described. 

Fig. 1 1 illustrates the hydrogen, oxygen and the humidification and cooling water circuits through 
a pair of separators, the anode side of a first separator being labeled 'Anode" an^ 
next separator in the stack being labeled "Cathode" with a water-permeable EMA 5 disposed 

30 therebetween. The numbering of elements is coded to Figs. 3 and 5-10 above. Note the hydrogen input 
through transverse manifold 12 is first humidified in channels 52 of area 46 by hot water molecules 
transported by diffusion tttough the humidiftation membrane area 37 from 
the cathode side in area 48) to the hydrogen humidifk^tton channels 52 in tte 
46. The humidified hydrogen then passes through channels 67 in active area 44 of the active electrode 

35 membrane section 28. and excess hydrogen and humidification water exits out through outlet manifold 
14. 

The anode water comes in through inlet transverse manifold 22A. is heated in the serpentine heat 
exchanger 80 where it withdraws half the heat from the reacting Hj and 0 2 In the c^an^ 
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area 28 and delivers hot water to the membrane 37 from channels 93 in area 48. The cathode water 
correspondingly comes in through manifold 22C receives heat in serpentine heat exchanger 81 and 
delivers hot water to the membrane 42 from channels 91 in area 49, and this hot water diffuses across the 
manifold or membrane and is picked up by incoming cathode air in channels 89 in area 47 on the other 
side of the membrane. 

The cathode air comes in through inlet transverse manifold 1 6, is humidified in channels 89 of area 
47 by the hot cathode water in channels 91 in area 49 passing vapor or molecules through the membrane 
area 42. The humidified cathode air then passes through channels 94 in the active area 98, and the 0^ 
depleted air and reaction product water is vented through manifolds 1 8A, B. 

Note the net effect is humidification water vapor passes through a first area of the membrane from 
the cathode side to humidify H 2 on the anode side of the membrane, white water vapor passes from the 
anode side through a second area of the membrane to humidify incoming cathode air on the cathode side. 
A third membrane area is the active area where reaction takes place while water on each side is used to 
remove hatf the heat, and the net flow of product water tn this zone is from the anode side to the cathode 
side. 

The center section of Fig. 12 depicts the overall fuel cell operation in which Hj on the anode side 
is catalytically oxidized to yield two electrons (indicated by 2e-) at the graphite electrode (anode), and the 
resulting two hydrated protons diffuse and are eiectro-osmoticalty pumped through the wet electrolytic 
membrane (indicated by H+/H 2 0 in the membrane) to the cathode catalytic site where they combine with 
0 2 and two electrons (indicated by 2e-) to form H 2 0. The upper and lower sections of Fig* 12 depict the 
counterflow humidification mechanism which is a central element of this invention. The electrolytic 
membrane serves adual roll as a solid electrolyte and humidiftcatonmembrane. The upper section shows 
oxygen gas on the cathode side being humidified by water on the anode side. Conversely hydrogen on 
the anode side is humidified by water on the cathode side. 

Figs. 1 3-1 4 are graphs of the output in terms of ceil voltage vs current density of actual test fuel 
cell stacks employing the IFMT platelet principles of this invention. In both tests a cell having 2 cells 
employing 7-ptateiet separators as tn Figs. 4-10 were used. The active area totaled 129 square 
centimeters. A pt-black in carton black coated NAFION Membrane Electrode Assembly from H Power 
Corp. was employed. The operating parameters were: T « 95*C; P « 15/25 psig; fuel H 2 and 0 2 ; 
As shown m Rg. 13 the cell voltage vs current density is essentially linear between .9 v at 50 mA/CM 2 and 
.4 v at 830 mA/CM 2 . The cell produced at this rate for 8 hrs. The test was terminated due to time 
constraints; not due to cell stack failure. 

Fig. 14 shows the results for the same cell operated with H2 and air at a pressure of 25/30 psig at 
9ffC. The output is likewise essentially linear between .9 v at 10 mA/CM 2 to .4 vat 460 mA/CM 2 . The cell 
produced at this rate for 8 hours. The test was terminated due to time constraints; not due to fuel cell 
stack failure. 

Fig. 15 is a flow sheet depicting the principal steps in the platelet manufacturing process involving 
feature formation by chemical milting (etching). The steps are as follows: 
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A. PLATELET STOCK INSPECTION: Incoming platelet stock 110 Is subjected to 
inspection 120 to verify material type, rolled hardness, rolled thickness, surface uniformity, and relevant 
supplier information, 

B PLATELET STOCK CLEANING AND DRYING: Platelet stock is cleaned 130 for 
photoresist application by scrubbing, decreasing and chemical cleaning using an automatic machine. This 
process removes residual sheet stock rolling grease and oils. After degreasing the platelet is subjected 
to a mild chemical cleaning at room temperature by a dilute etching solution to remove oxides and surface 
impurities. For titanium the cleaning solution is 3%-9% HF and 1096-1 8% HNOj. For other metals ferric 
chloride of 30-45 degree Baume' at room temperature is used as the cleaning solution. Platelets are dried 
in a forced convection dryer as the final step prior to application of photoresist 

Depending on whether the resist is wet or dry, the resist application proceeds by either Steps C-1 
and C-2, or by C-3, below. 

C-1. WCTPROCESSPHOTORESISTAPPUCATO 
resolution of details due to the thinness of the photoresist layer. Wet photoresist is typically applied, 135, 
using a dip tank. Small platelets may be spin coated using spin coating machines developed for the 
semiconductor industry. 

C-2. RESIST OVEN: Wet resist is baked (cured) in oven 137 to from a hard resilient layer. 
C-3. DRY PROCESS PHOTO-RESIST APPLICATION: Dry photo- resist is used where 
tolerances can be relaxed. For fuel cell separators dry resist is typically used. Dry resist is peeled off a 
backing sheet and bonded, 139, using a heated roller press. The roller press is similar to those used m 
the printed circuit industry. The rolling process automatically peels off the backing material from the 
photoresist Typical dry photo-resist material is 2 mil 'Riston 4620" manufactured by the duPont 
Company. 

D. PHOTO-RESIST MASK UV EXPOSURE: Platelets are exposed 1 40 using a UV contact 
exposure machine. Careful attention is paid to precise alignment of both sides of the artwork. 
Registration targets are used to aid this process. 

E. IMAGE DEVELOPING: The exposed platelet is passed, 1 45, through a developing solution 
and ovea Wet process resist is developed in a hydrocarbon developer, which removes uncured resist 
Typical developer is "Stoddard's Solution", part number GW 325, manufactured by Great Western 
Chemicals and Butyl Acetate, p*t number CAS 104-46-4, available from Van Waters and Rogers. Wet 
process development uses these solutions full strength at room temperature. After exposure to the 
developing agents the remaining wet resist Is rebaked to form a resilient layer. Dry process developing 
uses duPont "Liquid Developer Concentrate", part number D-4000, in a 1.596 solution at 8GTF. 

F. SPRAY ETCH TANK CHEMICAL MACHINING: Developed platelets are etched 150 in 
a spray etch tank. Spray tanks are preferred to dip tank etchers due to the higher thoughput rates. In 
some cases finer resolutions be obtained with dip tank etchers than can be obtained 

The etching process is very saisith/e to the strength of theetchant solution, speed of the conveyer belt 
spray pressure *id process temperature. Process feedback 155 on these parameters is maintained 
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. during a production run by continuous in-process inspection 1 52. Line speed is typically varied to obtain 
the desired etch results. Either ferric chloride or HF/nitric acid solution is used as the etchant. Feme 
chloride is used for copper, aluminum, and stainless steel. HF/nitric acid is used for titanium . For titanium 
typical etchant concentrations run from 3%-l0% HF and 1096-18% HNQj. The range of etching 
temperatures for titanium are 80-130T. For other metals typical ferric chloride concentrations are 30-45* 
Baume' with the etching temperature maintained in the range of 80-1 30*F. The specific concentration and 
temperature conditions can be controlled for each different metal employed. Line speed Is a function of 
the number of active etching tanks. Typical etchers are built up from individual etching tanks joined by 
a common conveyer. Typical etchers are available from Schmid Systems, Inc. of Maumee, OH and 
Atotech Chemcut of State College. PA. Platelets are washed in a cascade washer after the last etch tank. 
The cascade washer removes excess etchant prior to inspection. 

G. IN-PROCESS INSPECTION: Platelets are inspected at 1 52 to feed back etch rate and line 
speed information to the etching process. In-process Inspection is typically performed visually. 

H. STRIP RESIST: Wet process photo resist is stripped 1 60 using a hydrocarbon stripper at 
200T. A suitable one being "Chem Strip", part number PC 1822. manufactured by Alpha Metals of 
Carson. California Dry process photo resist is stripped using a commercial strip solution such as 
'Ardrox - , part number PC 4055. manufactured by Ardrox of La Mirada, California. Ardrox is diluted to 1- 
3% and used at 130T. After stripping the platelets are cleaned using a cascade washer. 

I. FINAL INSPECTION: Visual final inspection is performed 165 by measuring and comparing 
with the critical dimensions 1 62 selected during the CAD design process. This information is fed back to 
control the etching and design process. 

The finalized mother sheets of platelets 1 72 are placed in inventory 1 70 being kept together by type 
or in groups. Note the roll stock is typically titanium of thickness 4-25 mils (depending on platelet design 
requirements) 36' wide and the platelet blanks are 6"x8", so that in the continuous feed process described 
above the platelets are arranged 6-up, that is, 6 across the width of the sheet. The platelets can be all of 
the same type, ag. platelet #2 (30-2 of fig 4*) or in a grouped series, platelets 1-7 (30-1 to 30-7). 

Fig. 16 is a process flowsheet depicting the presently preferred method of bonding the platelets 
into monolithic polar separator assemblies. The platelet mother sheets 172 are withdrawn from the 
inventory 170 as needed and processed as follows: 

A. CHEMICAL CLEANING: Full strength etchant at room temperature is used to clean 
platelets, 175. to insure an oxide free surface for bonding. After cleaning the platelets are oven baked to 
dry them. 

B. PLATELET SINGULATOR: Platelet mother sheets are singulated 180 by cutting the 
bridges holdftg the featured platelets in place in the mother sheet This is done prior to stacking to 
facilitate the bonding process. 

C. STACKING PROCESS and BOND STOP OFF SPRAY APPLICATION: Platelets are 
oriented horizontally ordered (placed in proper sequence), and vertically stacked in sequence 190 on hot 
platens having two alignment pins 182. The platelet alignment holes (holes 32 of Fig. 5) are placed over 
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the pins to precisely align the platelets so that mating platelet features correlate to form the vias, lands, 
motfolds and channels. Prior to stacking, the hot platens are coated 195 with commercially available 
bond stop-off to prevent the platelets from bonding to the platens. Bond stop-off composition varies 
according to the type of metal to be bonded. Yttrium oxide Is used for titanium and aluminum oxide is 
5 used other metals. Bond stop-off is also applied between platelet stack assemblies to prevent bonding 
to adjacent stacks. Mini platens are placed between platelet stack assemblies to accurately transmit loads 
and facilitate bonding. In this manner up to 1 00 separators may be bonded at a time in a single bonding 
stack between a top and a bottom platen. 

D. DIFFUSION BONDING: The assembled platelet stacks 1 90 (platen not shown) are loaded 
10 into a heated vacuum press for diffusion bonding 200. Different metals require different bonding 

conditions. Bonding conditions are determined by a specific schedule of applied ram pressure and 
temperature. To initiate the bonding cycle the press is closed and evacuated to 10~ 6 torr to prevent 
oxidation during heating and to degas the interstices between platelets. Once the appropriate vacuum 
is achieved, the furnace heat is turned on and the assembled platelet stacks are allowed to thermally 

15 equilibrate. In some cases partial ram pressure is applied during the heat up period. When thermal 
equilibrium is achieved bonding pressure is applied for a specified schedule that depends upon the metal 
being bonded, in some cases post-bond heat treatments are applied at reduced pressure depending 
upon the types of parts and types of metals being bonded. Typical bond cycles last 1 0 to 60 minutes at 
900? to 1 700? under pressures of 2000 psi to 4000 psi, depending upon the metal and platelet design 

20 to be bonded. Typical heat treatment for Ti ranges from about 1500? to about 1600? for about 60 min 
at 100 psi. The temperature is reduced to room temperature upon completion of the bonding and heat 
treatment cycles. When chamber temperature reaches 100? to 200? the vacuum is released and the 
vacuum press is unloaded. 

E. PROOF AND/OR LEAK CHECK: Bonded platelet separators are leak checked, 205, using 
25 a test fixture to apply internal pressure to the channels, manifolds and vias to verify bond integrity, i.e., that 

there are no edge leaks or internal channel short circuits. 

F. POST BOND CLEANING: After leak checking, bond stop off is cleaned 210 form the 
platelet sepvators using mechanical scrubbing followed by an acid etch, cascade washing and forced air 
oven drying. 

30 G. FINAL TRIM: Processing aids, such as handling frames and platelet sequencing numbers 

(formed on the edges of the platelets) are removed (art off) in the final trim operation 215 to produce the 
monolithic bonded platelet separator 220 having the intricate, internal microchannei fields described 
above. 

H. PASSrVATING: Completed titanium separators are subjected to nitriding 225 m a vacuum 
35 funaca Separators are loaded into a vacuum furnace which is evacuated to 1CT 6 torr. Dry nitrogen is 
introduced into the furnace to a pressure of 1 psig. This cycle Is repeated. Once the final pressure of 
1 psig is attahed, the furnace Is heated to between l20ffF and 1625? for a perkxl of frw 
about 90 minutes. The specific times and temperatures depend upon the thickness of the tttanium 
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coating desired. The furnace is cooled, repressured and the finished product nitrided (passivated) platelet 
separator 230 is ready for assembly with EMAs to form tndividua] ceils, and a plurality of cells to form a 
full ceil stack which is held together with tie rods (passing through holes 34 in Fig. 6) and secured with 
nuts to place the stack under compression so it does not leak under applied gases pressures. Operating 
a cell of this manufacture is described above in conjunction with Figs. 11-14. 

Fig. 17 depicts the process of preparing the platelet design artwork for the photolithography wet 
or dry process etching of platelets described above in Figs. 15 and 16. The steps are as follows: 

A. PLATELET DRAWINGS: Platelet assembly drawings are developed on computer 
automated drawing CAO systems 240. The drawings are dimensioned in net dimensions. Both sides of 
each platelet are finalized as plan views 245. These drawings are electronically transmitted to the platelet 
mask artwork generation CAD system 250. From the CAD drawings an inspection database 162 is 
generated. This inspection database consists of critical dimensions that need to be verified during the 
artwork creation and manufacturing processes. Both artwork and platelets are inspected during the 
manufacturing process. 

B. MASK ARTWORK GENERATION: Platelet CAD drawings are converted in the mask 
artwork CAD system 250 to photo tooting masks for each platelet. Etch factors are applied to each feature 
in each drawing. Etch factors adjust the width of the phototooling mask to the width of the features to 
compensate for undercutting that occurs during the chemical etching processes used to mill individual 
platelets. This entails reducing channel dimensions in the photo tooling mask to compensate for 
undercutting. Etch factors depend upon the type of metal, type of chemical milling equipment, etch 
speed, type and strength of the etchant used. Fabrication aids are added during the mask generation 
process. Fabrication aids include registration targets, platelet numbers and handling frames to aid in the 
stacking and bonding process. 

C. ARTWORK PHOTOPLOTTING: Platelet art work is plotted at a 1 times magnification on 
a film using an automatic photoptotter 255. 

D. POSfTIVE INSPECTION: Video inspection of the finished artwork is performed, 260, using 
the inspection database 1 62 generated during the Platelet CAD drawing process. After inspection the top 
(front) and bottom (back) platelet artworks are joined, 270, in precise registration. 

INDUSTRIAL APPLICABILITY: 

Typical IFMT platelet fuel cells of this invention exhibit the following operating data: 
Two cell test stacks consuming H 2 and 0 2 or air with a PEM EMA at 95*C show linear output 
ranging from .4V output at 460 mA/cm2 for air to 830m A/cm2 for 0 2 and .9V output a 1 0mA/cm2 for air 
to 50mA/cm2 for 0 2 . For full scale fuel cell stacks of 100 IFMT platelet cells power densities will be in 
excess of 522 m W/cm 2 which is equivalent to 6.79kW in a cell stack of under 50 lbs. and size of less than 
13' long X 6* wide X 8* high. By contrast a graphite plate fuel cell with output in the range of 5-7kW 
weighs in the range of from 100-500 lbs. Fa automotive usage a fuel cell output of 1 0-40kW is required 
and buses I00-150kw is required. Thus, the IMFT platelet fuel cells of this invention are able to meet 
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curant otoctri c vehicle needs. 

For full scale stacks of 100 1FMT platelet cells of this invention operating on H^-O^alr (depending 
on pressure) at .7 v and EMA current densities of 750 mA/CM 2 , the power density would be 326 W/kg and 
specific power of 743 kW/m 3 (743 W/L). These results are outstanding as compared to comparable 
graphite/NAFJON and H^air cells, which produce in the range of 50 to 1 25 W/Kg. That is, the IFMT 
platelet cells of this invention have power densities of about 3-6 times greater than current graphite fuel 
cells. This means the IFMT platelet Hj/air fuel ceils of this invention can produce 6.79 kW in a cell stack 
weighing only 21 kg (46 lbs.), with a volume of but 0.009 M 3 (0.323 FT 3 ), that is 12.9" long x 5.6' wide x 
7.6" high. This is powerful, yet small enough for a hybrid mobile vehicle. 

It is evident that the improved IFMT fuel cells of this invention will have wide industrial applicability 
as stationary power sources, especially at remote home, industrial or construction sites, for miniaturization 
as dedicated single device power sources, and for vehicular power, especially heavy construction 
equipment trucks, rail and ships. The "printing" technology used to construct the IFMT fuel cells of the 
invention will provide numerous jobs and growth in the field of photolithography, etching and cleaning, 
assembly, bonding, passivating, distribution and servicing. The more than 3-fold improvements in power 
output, reduction in weight/Kw output, the ease of manufacture, and rapidity of application specific fuel 
cell design disclosed herein are strong bases for concluding that the invention will be widely adopted. 
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CLAIMS 

1. A polar fuel ceil separator comprising In operative combination: a plurality of platelets of 
thin sheet material; each platelet having features formed individually therein, said features being selected 
from at least one of metering orifices, channels, vias. and manifolds; said features are coordinate from 
platelet to platelet to provide at least one active area micro-channel field; and said platelets are bonded 

5 together to form a monolithic separator for disposal in contact with an electrolyte membrane assembly 
in a fuel cell stack. 

2. A polar fuel ceil separator as in claim 1 which includes features forming at least one 
humidification field for a fuel or an oxidant. 

3. A polar fuel cell separator as in claim 2 which includes at least one coolant field. 

4. A polar fuel cell separator as in claim 3 wherein said coolant field communicates with at 
least one of said humidification fields to provide heated humidification fluid to said humidification field. 

5. A polar fuel cell separator as in claim 1 wherein said features are formed by a combination 
of depth etching and through etching. 

6. A polar fuel cell separator as in claim 5 wherein said platelets are bonded by gluing, or by 
diffusion, welding, brazing or soldering under heat and pressure, to form said monolithic separator. 

7. A polar fuel cell separator as in claim 6 wherein said separator is a bipolar separator 
com prising an anode side and a cathode side, and said field channels are tailored in length, m icro-channef 
cross section dimension, and serpentine configuration to the gas composition and viscosity. 

8. A polar fuel cell separata as in claim 6 wherein said separator fields include an Hj 
humidification field, and an Air/0 2 humidification field. 

9. A polar fuel ceil separator as in claim 8 wherein said separator fields includes at least one 
coolant field. 

10. A fuel cell stack comprising in operative combination: a plurality of cells comprising:!) polar 
separators and membrane electrode assemblies in a stacked array; it) an anode separator end plate at one 
end of said stack in contact with one of said membrane electrode assemblies; and iii) a cathode separata 
end plate at a second end of said stack in contact with a membrane electrode assembly; said bipolar 

5 separata, and said anode and cathode separators are separators as in claim 1; and said cells are 
assembled In sequence under compression to form an operating cell. 

11. A fuel ceil stack as in claim 10 wherein said features include at least one humidification field 
for a fuel a an oxidant and at least one coolant field in communication with said humidification field to 
provide heated fluid to said humidification field. 

12. A fuel cell stack as in claim 11 wherein said fields are tailored in length, micro-channel 
cross-section dimension and serpentine configuration for H 2 as fuel and Atr/0 2 as an oxidant 

13. A fuel cell stack as In claim 12 wherein said separators are formed of diffusion bonded 
metal selected from Ti, Ai, Cu, W, Niobium, stainless steel, alloys, laminates, platings and composites 
thereof; sakj membra-* electrode assembly is selected from a cartxxi paper coated PEM and a carbon 
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paperless PEM. and said separators include a window frame platelet in contact with said carbon paper 
coated PEM or a window screen platelet in contact with said carton paperless PEM. 

1 4. A method for producing fuel celt separator assem blies comprising the steps of forming in 
thin sheet stock a plurality of different individual platelets with coordinate features selected from micro- 
channels, vias and manifolds, said features together forming at least one active area field for oxidant or 
fuel consumption rn contact with a membrane electrode assembly; stacking said platelets with said 
individual platelet features in precise alignment with corresponding features of a matingfy adjacent platelet 
to provide continuous circulation Qaths for said oxidant or fuel; and bonding said aligned platelets to form 
a monolithic separator having internal micro-channels and access manifolds thereto* 

1 5. A method as in claim 1 4 wherein said sheet stock is metal and said forming step includes 
the step of etch forming said features by a combination of depth etching and through etching. 

16. A method as in claim 1 5 wherein said through etching comprises depth etching selected 
areas from both sides of said sheet stock to depths greater than 50% of the sheet thickness. 

17. A method as in claim 16 wherein said metal is selected from Ti, Al, Cu. W. Niobium, 
stainless steel, and alloys, laminates, platings and composites thereof. 

18. A method as in claim 15 wherein said forming step includes photolithographicaffy resist 
coating said sheet metaf stack to define features thereon. 

19. A method as in claim 15 which includes the step of passivating said separator after 
bonding. 

20. A method as in claim 1 9 wherein said bonding includes diffusion bonding under heat and 
pressure, said metal is Ti, and said passivating includes exposure to Nitrogen at an elevated temperature. 
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